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Abstract: Camouflage is a natural or artificial process that prevents an object from being detected,
while camouflage breaking is a countering process for the identification of the concealed object.
We report that a perfectly camouflaged object can be retrieved from the background and detected
with stereo-vision-assisted three-dimensional (3D) imaging. The analysis is based on a binocular
neuron energy model applied to general 3D settings. We show that a perfectly concealed object with
background interference can be retrieved with vision stereoacuity to resolve the hidden structures.
The theoretical analysis is further tested and demonstrated with distant natural images taken by
a drone camera, processed with a computer and displayed using autostereoscopy. The recovered
imaging is presented with the removal of background interference to demonstrate the general
applicability for camouflage breaking with stereo imaging and sensing.
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1. Introduction

Camouflage is a natural concealment capability used by animals to hunt and to
avoid being hunted [1,2]. The making and breaking of camouflage become important
for achieving advantages in various confrontation circumstances [3,4]. Camouflage is
usually achieved by a combination of structures, colors and illuminations to hide the
identity of an object in the background [5,6]. There has been consistent interest in the
subject of camouflage and camouflage breaking, as the topic is not only scientifically
interesting but technologically important. Among the various techniques for camouflage
breaking, 3D convexity, machine learning and artificial intelligence have been widely
studied [7,8]. It has been suggested that breaking camouflage is one of the major functions
of 3D perception [9,10]. Hence, binocular stereo matching [11], deep learning [12] and multi-
view stereo vision [13] are applied for camouflage breaking. Nevertheless, the capability
of digital computer 3D analysis is not in any way as powerful as human stereo vision, as
the human brain has a natural advantage in processing 3D stereo imaging by performing
automatic feature point detection, matching and intelligent stereo-vision perception. For
general 3D imaging, holography [14] is also a powerful technique, recording and displaying
the interference between the reference light and the object light. It is then necessary to re-
examine the effect of human stereopsis on camouflage breaking by comparing its similarities
with holography and to analyze its impact in real-world applications.

In this work, we show with a vision neuron energy model [15–17] that 3D structures
hidden deep in the background can be retrieved with binocular vision via stereoacuity.
A vision neuron energy model was first proposed to depict how creatures with stereo
vision encode information in the visual cortex [18]. Various biological experiments verified
its validity, as presented in the references [19]. This theoretical analysis is applied to a
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case where the object is completely submerged in its background. The results show that
the submerged object can be recovered if the recorded images are correctly perceived
with human vision’s stereopsis. A field experiment is carried out with natural images
taken by a drone camera. These image data are processed with a computer, displayed by
autostereoscopy [20,21] and perceived with vision. The removal of the background to show
the concealed object clearly demonstrates the general applicability of the novel technique
for camouflage breaking.

2. Theoretical Analysis

The theoretical analysis presented in this work is based on the vision neuron energy
model proposed by Ohzawa et al. [15–17]. We present here how the human brain discerns
depth information through neural networks. Figure 1 clearly illustrates the process of using
the vision neuron energy model to explain how the human brain obtains depth information.
First, the left eye and right eye receive similar but slightly different images. Second, the
disparity, as discussed below, is derived from the left-eye and right-eye images. The two
images can be sent to stereopsis for display, and they can also be analyzed with digital
procedures, as we shall discuss below.
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Figure 1. The vision neuron energy model explains how the human brain perceives depth.

The binocular energy unit for a thin object located in a plane can be written as fol-
lows [17]:

EB(x) =|RL(x) + RR(x)| (1)

where x is the position of the receptive field and RL,R(x) is equal to the filter of the input
signal by its corresponding receptive field.

RL,R(x) = GL,R(x) ∗ IL,R(x) (2)

The response energy of the binocular unit can be described in terms of amplitude and
phase signals as follows:

E2
B(x) = ρ2

L(x) + ρ2
R(x) + 2ρL(x)ρR(x) cos(∆ϕ(x)) (3)
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where ρL,R(x) is the amplitude and ∆ϕ(x) is the phase difference between the left and
right signals.

∆ϕ(x) = ϕL(x)− ϕR(x) (4)

Usually, the images received by the left and right eyes are similar, but they are dis-
placed by a distance d known as disparity.

Let the objects be located at different distances from the observer, which will in-
duce disparity responses of different magnitudes. Therefore, we can express Equation (3)
as follows:

E2
B(x; d) = ∑

i
[ρ2

L(x) + ρ2
L(x − di) + 2ρL(x)ρL(x − di) cos(∆ϕ(x; di))] (5)

where ∑
i

should be summed up for all different layers in the object space.

∆ϕ(x; di) = ϕL(x)− ϕL(x − di) (6)

Equation (3) shows that the images received by the left and right eyes are correlated,
with the contribution from each eye and from the crossed term described as the third term
of Equation (3). It is interesting to note that the energy model of binocular vision is similar
to digital holographic [14] imaging in the sense that it consists of the contributions from
the two input channels and from the interference term between the left and right images.

It is evident that the response energy of the binocular unit is related to the disparity,
and different disparities represent different layers in object space. By varying the disparity
(measured in pixels in the left and right images in the display), we obtain the corresponding
response energy values. When it reaches its maximum value with varying phase difference,
the disparity at this point is considered to be the disparity between the left and right
images [22].

For conventional 2D images, the object depth information is superimposed along the
depth direction, and an object can be swamped with camouflage background which can be
placed before or after the object.

There are two ways to obtain the global 3D picture for object space. The first one is to
input the left and right images to a stereopsis display, which can be visualized with human
eyes, thus directly generating a 3D scene for camouflage breaking. The second one is to
compare the left and right images to obtain well-defined disparity. The partial image in a
plane described with the disparity can be simulated by convoluting this depth map with
the image input.

To analyze the stereo vision with the energy model, it is important to note how the
lateral and longitudinal spatial resolutions are related to the stereo vision. Stereoacuity is
defined as a human’s visual ability to resolve the smallest depth difference measured with
angular difference, described as ∆T [23,24]:

∆T =
dZ × a

Z2 (7)

The parameters for stereoacuity are shown in Figure 2, where a is the interocular
separation of the observer, Z represents the distance of the fixed peg from the eye, and dZ
means the position difference.

For objects captured with a camera and displayed on stereopsis, images can be magni-
fied with optics and stereopsis screen size. Considering the total magnification factor and
the baseline difference, the stereoacuity can be approximated by Equation (8) [23,24]:

∆T =
dZ × M × N × a

Z2 (8)

where M is the magnification (the ratio of the display FOV and the camera FOV), N is the
effective interocular separation (the ratio of the baseline and the interocular separation).
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Figure 2. The architecture of stereoacuity measurement with respect to the observer’s interocular separation.

An interesting but rarely discussed topic is how stereoacuity is affecting the lateral
resolution of the image. In general, the depth-resolved measurement should enhance the
lateral resolution in a similar way as with a confocal configuration, while the rejection of
the out-of-focus component is expected to increase the lateral resolution [25–27].

3. Results and Discussion

As a first step, we examine a case where a “car” is completely hidden in the background.
The “car” is placed with a small depth difference from the background so that it has nonzero
disparity, where the background is assumed to have zero disparity. Figure 3a,b show images
received with the left and right eyes. On the other hand, when these left and right images
are perceived with stereopsis, a concealed car becomes prominent, which can be visualized
with a 3D display. The derived digital disparity map is also shown in Figure 3c. The
appearance of the pattern with stereopsis is a conventional technique for the screening
of stereoacuity [28] and it is an indication of how binocular viewing can be applied to
conveniently perceive the object that is not perceivable with a single eye.
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Figure 3. Camouflage breaking with a car concealed under trees: (a) the planar image by the left eye;
(b) the planar image by the right eye; (c) the recovered car based on the disparity estimation.

For the test of camouflage breaking in a natural scene, a field experiment is carried out
to show the retrieval of an object with stereoacuity-assisted image sensing. The difficulty of
3D remote sensing with stereopsis arises from the required large baseline distance, which
is studied in this work with a drone equipped with a single camera. For the purpose
of executing stereoacuity functioning, an experimental architecture similar to Figure 2 is
carried out and left and right images are selected from a video taken by the flying camera.
The key parameters to be considered are the relative positions of the object in its background
and the baseline of the two positions to provide the stereo-viewing so that the object can
be resolved with stereoacuity measurement. It is noticed that a 3D object can be resolved
with the finest human stereoacuity, as small as 5 arc sec [29]. Assuming, for example, an
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object located 100 m away from the camera is 1 m away from its background, it can be
estimated that the baseline of the dual cameras must be approximately 57 cm apart. With
the recorded navigating speed of the drone, it is straight forward to choose left and right
images from the video format to meet the requirement of the baseline length.

To meet the sensing requirement, a drone (DJI Mavic2 pro: 28 mm equivalent lens
on the 1-inch CMOS sensor, Shenzhen, Guangdong) equipped with a Hasselblad L1D-20c
camera is employed to take the video for the scene, and the two images from selected
positions are employed as the input for the left- and right-eye images. The flying altitude
of the drone is 90 m. The dual images are transmitted to an autostereoscopic display for
3D viewing at a viewing distance of 90 cm. The autostereoscopic display is a directional
backlight illuminated liquid crystal display with a feature size of 24 inches, a contrast
ratio of 1000:1, a refresh rate of 120 Hz, and single-eye resolution at 1920 P × 1080 P (Type
MID-FD24VT) [20,21]. With this autostereoscopic display, the 3D scene is clearly visible.
For the convenience of 3D perception, we convert the left and right images by coding them
with blue and red, so that the images can be perceived with a 3D anaglyph.

The use of an autostereoscopic display makes it possible to study the difference be-
tween 2D and 3D perception. In 2D mode, the left and right eyes perceive a planar image.
With 3D perception, the left and right images are delivered to the left and right eyes,
respectively. It becomes evident that 3D perception provides detailed object structures
due to the perception of the layered structures of the scene assisted with stereoacuity. In
2D mode, the information of different depths is intermixed, giving rise to the opportu-
nity for camouflaging. With 3D perception, the concealed object can be retrieved with
binocular vision.

In order to further view the effect of stereopsis on the resolved 3D object (compared
with Figure 4a), an image is synthesized using disparity discriminated image pixels as
input information. Detailed structures can be observed with stereo vision concentrating
on a specific layer in object space. By enhancing the image structure in one particular
layer while removing structures from other layers, the lateral structures of the scene are
substantially enhanced.
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Figure 4. Left- (a) and right (b)-eye images and stereo anaglyph (c) synthesized by drone images
taken at an altitude of 90 m above the ground. The baseline distance between the left and right views
is approximately 7 m. The tree leaves obscured in 2D are made prominent with 3D.

Figure 5a shows the energy response, in which binocular vision focuses on the ground
layer, while Figure 5b illustrates the situation when two eyes are focusing on the top tree
layer, within which the tree branches and leaves are clearly visible.

Figure 5c is obtained by dot multiplication of the energy pattern at a particular height
of the tree with the input from Figure 4a. Similarly, Figure 5d is the result of multiplying the
energy pattern with Figure 4a. A prominent difference is clearly visible in the comparison
of these two cases, showing substantially enhanced camouflage breaking capability. With
the binocular energy model, Figure 5c,d show the corresponding sectioning of the 3D scene
corresponding to patterns at different altitudes. The sectioning images are in accordance
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with the direct perception shown in Figure 4c. Compared with the corresponding region of
the original image presented in Figure 4a, neither ground nor tree characteristics can be
identified with the original image, which proves that camouflage breaking can be realized
for stereo vision and stereo-vision-based optical imaging.

Photonics 2024, 11, x FOR PEER REVIEW 6 of 8 
 

 

Figure 4. Left- (a) and right (b)-eye images and stereo anaglyph (c) synthesized by drone images 
taken at an altitude of 90 m above the ground. The baseline distance between the left and right views 
is approximately 7 m. The tree leaves obscured in 2D are made prominent with 3D. 

Figure 5a shows the energy response, in which binocular vision focuses on the 
ground layer, while Figure 5b illustrates the situation when two eyes are focusing on the 
top tree layer, within which the tree branches and leaves are clearly visible. 

  
 (a) (b) 

 

 
 (c) (d) 

Figure 5. The energy response for the scene with two eyes focusing on the ground (a) and focusing 
on the tree (b). (c,d) are structures recovered, respectively, corresponding to (a,b) based on the dis-
parity estimation. 

Figure 5c is obtained by dot multiplication of the energy pattern at a particular height 
of the tree with the input from Figure 4a. Similarly, Figure 5d is the result of multiplying 
the energy pattern with Figure 4a. A prominent difference is clearly visible in the compar-
ison of these two cases, showing substantially enhanced camouflage breaking capability. 
With the binocular energy model, Figure 5c,d show the corresponding sectioning of the 
3D scene corresponding to patterns at different altitudes. The sectioning images are in 
accordance with the direct perception shown in Figure 4c. Compared with the corre-
sponding region of the original image presented in Figure 4a, neither ground nor tree 
characteristics can be identified with the original image, which proves that camouflage 
breaking can be realized for stereo vision and stereo-vision-based optical imaging. 

To better illustrate the advantages of layered discrimination with the energy model, 
we select a sub-region in Figure 4a marked by a green square, which is amplified in Figure 
6. It becomes clear that the image structures indistinct from a bright background can be 
sectioned. The 2D image sections focusing on the ground and on the tree branches are 
clearly visible. 

Figure 5. The energy response for the scene with two eyes focusing on the ground (a) and focusing on the
tree (b). (c,d) are structures recovered, respectively, corresponding to (a,b) based on the disparity estimation.

To better illustrate the advantages of layered discrimination with the energy model,
we select a sub-region in Figure 4a marked by a green square, which is amplified in Figure 6.
It becomes clear that the image structures indistinct from a bright background can be
sectioned. The 2D image sections focusing on the ground and on the tree branches are
clearly visible.
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4. Conclusions

In conclusion, three different scenarios are applied to demonstrate the validity of
the study for camouflage breaking: (1) camouflage breaking is theoretically analyzed and
numerically simulated with binocular visual processing; (2) stereoacuity-based sensing is
directly applied to a field experiment, as shown in Figures 5 and 6; (3) the recovery of the
concealed object with a neuron energy model can be visualized with digital processing of
the images from the field experiment. All of these efforts demonstrate the robustness of
stereo vision for camouflage breaking. We anticipate that the proposed and demonstrated
technique has immediate applications for scientific research and technological applications.
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